The ultrastructure of the myenteric plexus located in the striated muscle portion of the guinea pig oesophagus was examined and compared with that of the plexus associated with the smooth muscle portion of the rest of the digestive tract. The oesophageal ganglia had essentially the same architecture as those of the smooth muscle portion, such as a compact neuropil without the intervention of connective tissue and blood vessels. Some features, however, were particular to the striated muscle part of the oesophagus. It was clearly demonstrated that myelinated fibres, probably sensory terminals of vagal origin, join the myenteric ganglia. Synapses and terminal varicosities are sparsely distributed within the ganglia and fewer morphological types of axon varicosities could be distinguished compared with other regions. Glial cells are well developed in the oesophageal myenteric ganglia. These cells outnumber the ganglion cells, having a higher ratio than in the lower digestive tract, and form numerous cytoplasmic lamellar processes. The lamellar processes, located at the surface of the ganglia, considerably reduce the area of neuronal membrane which directly contacts the basal lamina. The role of these lamellar processes in the oesophageal ganglia is discussed.

The ultrastructural features of the myenteric plexus have been extensively studied in the digestive tract including the small intestine, colon and caecum of many mammals, and their morphological similarities to those of the central nervous system have been well documented both in ganglion cells and glial cells (see reviews by Gabella, 1979 Gabella, , 1994 Costa et al. 1987 ; Gershon et al. 1994) . In contrast, relatively little attention has been paid to the structure of the oesophageal myenteric plexus (Lawrentjew, 1929 ; Irwin, 1931 : Matsuo, 1934 Christensen & Robinson, 1982 ; Christensen et al. 1983 ; Zhou et al. 1996) , in particular to the ultrastructure of the plexus in the striated muscle portion (Samarasinghe, 1972 ; Neuhuber, 1987) . Thus it is not even clear whether the oesophageal myenteric ganglia generally share common features with the sympathetic ganglia such as the connective tissue capsules and septa which have been reported in the myenteric plexus of the human Correspondence to Dr Terumasa Komuro, Department of Basic Human Sciences, Waseda University, 2-579-15 Mikajima, Tokorozawa, Saitama 359, Japan. Tel. : j81-429-49-8111 ; fax : j81-429-48-4314 ; e-mail : komuro!human.waseda.ac.jp oesophagus (De Souza et al. 1988) . The oesophageal myenteric plexus seems to have been overlooked, partly because of the general belief that the myenteric plexus retains the same features throughout the digestive tract (Smith, 1976) , and\or the assumption that the oesophageal striated muscles are under the direct control of the vagal motor neurons (Roman & Gonella, 1987 ; Cunningham & Sawchenko, 1990 ).
The present study was designed to examine the ultrastructure of the myenteric plexus located in the striated muscle portion of the guinea pig oesophagus and to clarify whether or not it has a common basic architecture to that of the rest of the digestive tract, composed of smooth muscle, and whether it has its own distinctive features.
  
Eighteen young adult guinea pigs of both sexes (weighing 250-350 g) were used in this study.
Light microscopy
Immunostaining against the panneuronal marker, protein gene product 9.5 (PGP 9.5), was used to visualise the myenteric ganglion cells.
Under terminal anaesthesia with ether, the entire length of the oesophagus was removed from 10 animals, mounted on a plastic rod (" 2.5 mm in diameter) and stretched to " 75 mm in length. Ligatures were tied at both ends, and the tissue was immersed in ice-cold fixative consisting of 4 % paraformaldehyde and 0.2 % picric acid in 0.1  phosphate buffer, pH 7.4 for 60 min. The specimens were then cut along the ventral side, the rod and ligatures were removed, and the tissues were immersed in the same fixative for 12 h at 4 mC. The fixative was removed by immersing the specimen in 100 % dimethylsulphoxide (DMSO ; Wako, Osaka, Japan) with 3 changes and DMSO was removed by 3 washes in 0.01  phosphate buffered saline (PBS) pH 7.4 with 3 changes each of 10 min. The mucosa and the circular and longitudinal muscle layers were removed from the specimens with fine forceps under a dissecting microscope to obtain the muscle preparations with the myenteric plexus still attached. They were mounted on gelatin-coated glass slides, blotted with filter paper and air-dried as quickly as possible. The specimens were first soaked in PBS containing 0.3 % Triton-X 100 for 12 h and incubated for 1 h in PBS containing 4 % Block Ace (Dainippon Seiyaku, Osaka, Japan) to block nonspecific immunoreactivity. The specimens were incubated in mouse antihuman PGP 9.5 antibody (Biogenesis, Sandown, CA, USA) diluted to 1 : 100 in PBS containing 0.2 % bovine serum albumin (BSA ; Sigma, St Louis, MO, USA), 0.05 % NaN $ , and 0.1 % Triton-X 100 for 48 h at 4 mC. After washing in PBS with several changes, they were further incubated for 12 h with FITC-conjugated rabbit antimouse IgG (Dako, Carpinteria, CA, USA) diluted to 1 : 40 in PBS containing 0.2 % bovine serum albumin (BSA ; Sigma). The specimens were then washed in PBS again, and mounted in Vectashield mounting medium (Vector, Burlingame, CA, USA) and viewed with a fluorescence microscope.
Electron microscopy
For the electron microscopic analysis, we separately processed the specimens from the different portions of the oesophagus, since the preceding light microscopic observation on whole-mount stretch preparations showed large regional differences in the myenteric plexus of the guinea pig oesophagus (Morikawa & Komuro, 1999) . The portions chosen were the cervical oesophagus, the upper part of the thoracic oesophagus, the lower part of the thoracic oesophagus and the abdominal oesophagus below the diaphragm where smooth muscle fibres appeared intermingled with striated muscle fibres 4-5 mm away from the cardiac junction.
Under terminal anaesthesia with ether, each of these regions of the oesophagus was removed from 8 animals, slightly stretched on the plastic sheet, and immersed in ice-cold fixative containing 4 % paraformaldehyde and 3 % glutaraldehyde in 0.1  phosphate buffer, pH 7.4, for 5 min. The specimens were cut into several pieces and further fixed in the same fixative for 3 h. They were rinsed in the same buffer, postfixed in 1 % osmium tetroxide for 2 h at 4 mC, rinsed in distilled water, block-stained with saturated uranyl acetate solution for 3 h, dehydrated in a graded series of ethyl alcohols and embedded in Epon epoxy resin. Ultrathin sections were cut using a Reichert ultramicrotome and contrasted with uranyl acetate and lead tartrate for observation under a JEM 1200EX II electron microscope.


Histological observations
In whole-mount stretch preparations stained with PGP 9.5 immunohistochemistry, the myenteric plexus was generally observed as a loose irregular polygonal meshwork ( Fig. 1) , as previously described by conventional histological methods (Irwin, 1931 ; Matsuo, 1934) . It is rather similar to the pattern of the submucous plexus of the small intestine as demonstrated by scanning electron microscopy (Komuro & Hashimoto, 1990) or the ganglionated plexus of the gall bladder (Mawe & Gershon, 1989) . A large regional difference along the length of the oesophagus was observed in the myenteric plexus in our preceding study (Morikawa & Komuro, 1999) . In brief, the myenteric plexus of the oral half showed a particularly irregular meshwork, and the ganglion cells were so sparsely located that the boundaries between the ganglia and connecting nerve strands were often not clearly distinguished. In contrast, in the cardiac half, ganglion cells tended to gather in the nodes of the plexus and therefore the ganglia and connecting nerve strands were clearly demarcated. This tendency was observed even within similar sized ganglia in the cervical and abdominal oesophagus, respectively. (Fig. 2 a, b) . 
Ultrastructural organisation of the myentric plexus
The muscle coat of the guinea pig oesophagus consisted almost exclusively of striated muscle fibres, except for a very short segment of the oesophagealcardiac junction which contained smooth muscle fibres. The myenteric plexus was located in the connective tissue space between the inner circular and the outer longitudinal muscle layers throughout the entire length of the oesophagus (Fig. 3) .
The ganglia were composed of ganglion cells, glial cells and compact neuropil in which aggregations of cytoplasmic processes occurred with very little intercellular separation, usually " 20-50 nm. Ganglia were not covered by a connective tissue capsule but were surrounded by discontinuous layers of fibroblastlike cells. This cellular sheath was usually 1-3 cell layers in thickness, but it was not rare to observe up to 5 cell layers in the oesophagus. The myenteric ganglia of the oesophagus were small and irregular in shape so that only 3-5 cell profiles with nuclei, including both ganglion cells and glial cells, could usually be counted in a single ganglion profile. More than 10 nucleated cell profiles were rarely observed in a single section of the ganglion. The outer surfaces of the ganglia were covered with a common, continuous basal lamina (Figs 4, 6) and neither connective tissue components nor blood vessels penetrated into the ganglionic neuropil. However, invaginated extraganglionic matrix containing collagen fibrils was often observed to be surrounded by the neuropil due to the irregular shape of ganglia, as if collagen fibrils were part of the internal structure of the ganglia (Fig. 4 and  inset) . Careful observation made it clear that these connective tissues were demarcated by basal lamina from the neuropil.
Nerve bundles containing both unmyelinated and myelinated axons, which probably have connections with the myenteric ganglia, were also observed in close vicinity to the ganglia (Fig. 5) .
Ganglion cells
Ganglion cells were usually characterised by large, rounded nuclei with a prominent nucleolus and less electron-dense perikarya which were rich in cell organelles including mitochondria, rough endoplasmic reticulum (RER), Golgi apparatus, and free ribosomes (Figs 3, 6) . Some of these cell bodies contained numerous, large pleomorphic granules ranging from 50 to 150 nm (minimum diameter) and 400 to 500 nm (maximum diameter) in the perikarya (Fig. 6 ). Different types of ganglion cell bodies, however, could not be classified on the basis of ultrastructural features from 22 montages containing 26 ganglion cells and 72 glial cells.
The ganglion cell processes tended to be separately surrounded by glial components in the oesophagus. Where many axons were located, they were individually ensheathed by the glial processes in a manner similar to that of Schwann cells (Fig. 3) and where a few axons were located, axons were surrounded by a concentric arrangement of the lamellar processes of glial cells (Figs 9, 10) . Because of the extent of the glial components, the ganglion cell surface directly in contact with the basal lamina was small and measured " 15 % of the total surface area of cervical and thoracic oesophagus, whereas it measured " 30 % in the abdominal oesophagus where smooth muscle appears around the myenteric plexus (the proportions were estimated from the total length of neuronal membrane in the total length of the contour line of 3 montages of the ganglia for each region).
Axon varicosities containing synaptic vesicles, showing synaptic membrane specialisation, were relatively sparse in the oesophageal ganglia. Only a few axodendritic synapses and far fewer axosomatic synapses were identified in the 22 montages. In those axon varicosities with membrane specialisation, the terminals containing small flat vesicles (25-40i50-80 nm) intermingled with small clear round vesicles of " 25-60 nm in diameter, and a few large granular vesicles of " 80-120 nm in diameter were most frequently observed (Fig. 7 a) . Varicosities containing clear round vesicles of " 40-60 nm in diameter with a few large granular vesicles were also frequently observed (Fig. 7 b) . Axon varicosities characterised by large granular vesicles " 90-120 nm in diameter, without membrane specialisation, were occasionally observed. Varicosities containing numerous elongated structures resembling those found in the guinea pig caecum ( fig. 25 in Cook & Burnstock, 1976) were very occasionally seen. However, axon varicosities characterised by small granular vesicles and by heterogeneous populations of vesicles (Baumgarten et al. 1970) were not found.
In addition, it is worth noting that these terminal varicosities were mainly located inside the ganglia and that only a few were observed at their surfaces (Fig.  7 b) in the cervical and thoracic oesophagus. Close apposition or direct contact of the neuronal components situated at the ganglion surface with striated muscle was not observed.
Myelinated fibres joined the peripheral parts of the myenteric ganglia (Fig. 8) . Abundant mitochondria were observed in the axoplasm of the unmyelinated terminal portions located within the characteristic myenteric neuropil, as well as in the myelinated portions of these fibres.
Glial cells
The glial cells were generally distinguished from the ganglion cells by their smaller size and densely staining nuclei containing much heterochromatin (Fig. 3) . These glial cells were characterised by a thin rim of cytoplasm with numerous cytoplasmic processes containing an abundance of 10 nm gliofilaments. They resembled the astrocyes in the CNS and the enteric glial cells in the lower gastrointestinal tract (Gabella, 1981) . Other types of glial cells, as reported for the rabbit colon (Komuro et al. 1982 b) were not found in the guinea pig oesophagus.
The glial cells were well developed in the myenteric ganglia of the guinea pig oesophagus. The ratio of glial cells to ganglion cells, counting the number of cell profiles with nuclear portions in sections, was " 5 : 1 in the cervical and thoracic oesophagus (41 glial cells to 8 ganglion cells in 11 ganglia). The ratio Fig. 6 . Ganglion surface occupied by many glial processes (asterisks) showing dense plaques resembling hemidesmosomes. Note the bundles of gliofilaments in the glial processes. These structures are mainly observed at the surface not covered by glial lamellar processes. In the adjoining neural cytoplasm, large pleomorphic granules (arrowheads) as well as many mitochondria, rough endoplasmic reticulum, Golgi apparatus and free ribosomes can be seen. Bar, 1 µm. gradually decreased through the thoracic oesophagus towards the cardiac end, and it was less than 2 : 1 in the abdominal oesophagus in the region of the cardiac sphincter where smooth muscle was found in the muscle coat (31 glial cells to 18 ganglion cells in 11 ganglia).
Dense plaques similar in appearance to hemidesmosomes (Fig. 6) were often observed in the cytoplasmic aspects of the glial processes at the surface of the ganglion. Bundles of gliofilaments were clearly observed at these sites.
The most striking feature of the myenteric glial cells of the guinea pig oesophagus was the extensive formation of lamellar cytoplasmic processes (Figs 9, 10). These thin lamellar processes often covered the external surfaces of the ganglia so that they restricted the approach of the neuronal elements to the basal lamina which directly faces the extraganglionic matrix. Accordingly, a large proportion of the ganglion surface was occupied by the glial cell membranes. These lamellar structures were also observed inside the ganglia in a concentric arrangement surrounding neuronal elements such as vesiclecontaining axon terminals (Figs 9, 10) . The lamellar processes usually contained abundant glial filaments but were poor in other cell organelles. The lamellar structures were not found in the ganglia in the abdominal segment of the oesophagus in which smooth muscle fibres were intermingled in the muscle layers.

The present observations confirm that the myenteric plexus of the guinea pig oesophagus has essentially the same architecture as that of the plexus observed in other regions of the gastrointestinal tract (Gabella, 1972 (Gabella, , 1994 . The ganglia are composed of ganglion cells, glial cells and compact neuropil without the intervention of connective tissue elements, unlike those reported in the human oesophagus (De Souza et al. 1988) . The frequent occurrence of the connective tissue mass surrounded by the myenteric neuropil in section profiles, caused by the irregular contour of the ganglia, might result in a misleading conclusion that connective tissues are inside the ganglia.
One of the most striking findings in the present study is the clear visualisation of the myelinated fibres that connect with the varicosities containing abundant mitochondria, showing a close spatial relationship with surrounding myenteric neuropil. The presence of rich vagal sensory terminals within the oesophageal myenteric ganglia has been reported in cats and monkeys (Rodrigo & Hernandez, 1975 ; Rodrigo et al. 1982) and rats (Neuhuber, 1987 ; Kuramoto & Kuwano, 1995) , and their mechanoreceptive role has been suggested in the latter. It is very likely that the structure observed in the present observation is a terminal portion of the extrinsic sensory axons, probably of vagal origin, since spinal sensory fibres in the myenteric plexus of the cat oesophagus have been demonstrated to be unmyelinated (Mazzia & Clerc, 1997) .
As for the correlation between the nature of transmitter and the ultrastructural features of the terminals, varicosities containing small flat vesicles have been considered noradrenergic in nature because they can be loaded with false transmitter or 5-hydroxydopamine, and because they disappear after surgical and chemical denervation of the extrinsic noradrenergic nerves in the guinea pig small intestine (Llewellyn-Smith et al. 1981) . Immunoreactivity for nitric oxide synthase has been reported in association with terminals that contain both small clear round and large granular vesicles in the myenteric plexus of the guinea pig small intestine (Llewellyn-Smith et al. 1992 ; Young et al. 1995) . On the other hand, immunoreactivity against a variety of neurotransmitters has been reported in the oesophageal myenteric plexus and surrounding striated muscle layers in several species, i.e. neuropeptide Y, vasoactive intestinal peptide, enkephalin, calcitonin gene related peptide (Uddman et al. 1995) , galanin (Kuramoto & Endo, 1995 ; Uddman et al. 1995) , substance P (Leander et al. 1982 ; Uddman et al. 1995) and the noradrenergic marker tyrosine hydroxylase (Uddman et al. 1995) . Several neurotransmitters probably coexist in single varicosities in the guinea pig oesophagus, as they do in other regions, since the myenteric ganglia of the guinea pig oesophagus contain only a few types of morphologically identifiable varicosities.
It is clearly demonstrated that the myenteric ganglia of the guinea pig oesophagus differ from those of the distal gastrointestinal tract in the degree of the development of the glial cells. It is reported that the glial cells are numerous in larger animal species and that they outnumber ganglion cells by more than 4 to 1 in the sheep ileum (Gabella, 1994) , while their ratio is calculated at about 2 : 1 in the guinea pig ileum (Gabella, 1994) and the rabbit colon (Komuro et al. 1982 b) . In this respect, myenteric ganglia of the guinea pig oesophagus appear to share the features of the intestinal ganglia of larger animals.
These facts reflect the observation that there is a sparse distribution of the neuronal components in the myenteric ganglia of the oesophagus and their relatively small surface area directly apposed the marginal basal lamina (15 %) in comparison with about one third of the total surface area (i.e. about 30 %) in the rabbit colon (Komuro et al. 1982 b) . This arrangement reduces the direct metabolic interaction between the ganglion cells and the surrounding medium. However, since the oesophageal myenteric ganglia are fairly small and have irregular indentations of the connective tissue matrix, they may gain sufficient nutrients by diffusion for neuronal metabolism.
The small neuronal membrane area in the ganglion surface may be partly due to few axon terminals being situated at the surface. It seems reasonable that direct interaction between the surface varicosities and surrounding muscle tissues assumed in the distal intestinal tract (Gabella, 1972 ; Komuro et al. a, 1988 do not frequently occur in the striated muscle portion, which has specialised neuromuscular junctions.
The oesophageal ganglia also show a peculiar arrangement of glial processes. Their lamellar processes were frequently observed throughout the guinea pig oesophagus where striated muscle was present but not in the short segment containing smooth muscle. Since they are particularly well-developed where neuronal processes are scarce, these lamellar processes may have a role in filling in the spaces remaining between the nerve processes. Lamellar structures instead of solid masses of the cytoplasm may help metabolic interaction between the ganglia and the matrix via diffusion of the tissue fluid, while also contributing to the maintainance of the structural unity of the ganglion. It is also suggested that these lamellar processes situated at the surface of the ganglia function as a mechanical buffering device against distortion and dislocation of the neuronal components caused by strong contraction of the surrounding striated muscles during the passage of fairly intact solid masses of ingested food. An elastic fibre system with a role in absorbing mechanical stress has been reported in association with the myenteric plexus of the human oesophagus (De Souza et al. 1988) .
Lamellar glial processes have been observed in the ganglia of the guinea pig gall bladder, which also have a greater degree of glial investment and a lesser degree of innervation despite their ultrastructural similarity to the enteric ganglia (Cornbrooks et al. 1992) .
Further studies are required to elucidate the physiological meaning of this peculiar arrangement of glial cells in the guinea pig oesophagus.

This work was supported by Waseda University Grant for Special Research Projects (96A-292) and by a grant from the Japanese Clinical Study Group of Esophagocardiac Regions (1996) .
